FUKASAWA, H. Morphometric Estimation of Brain Swelling and Atrophy. Tohoku J. exp. Med., 1975, 117 (3), 203-214 -A morphometric method was presented to estimate brain swelling or atrophy from the geometric characteristics of the pontine cross section. The ratio of the area (A) to the perimeter squared (L2) was termed "area factor" (f) and used as a factor indicating circularity. Normal standards for the net cross-sectional area (Ap) and the area factor (f) of the pons measured on paraffin sections were 3.43 ~ 4.87 cm2 and 0.0684 ~ 0.0740, respectively. Values exceeding these ranges suggested brain edema. The pontine area factors (f) of the control cases under 60 years of age were less spread out than Ap, whereas they exhibited larger individual variations over that age presumably as a result of varying involution of the brain. A close correlation was found between Ap and water content of the cerebral white matter, except in pontine hemorrhage. The correlation was particularly marked in the group of cerebral diseases other than stroke. The longitudinal length of the basis pontis (lp) was essentially the same in the normal brain and even in the stroke group excluding pontine and cerebellar hemorrhage. In severe brain swelling the pontine longitudinal length was rather reduced. brain swelling; brain edema; pontine geometry; morphometric method;
Brain edema is one of the most significant complications in various neurologic disorders and the diagnosis of this condition on the autopsied material is of practical importance for neuropathologists. Although a detailed description on brain edema can be found in many recent publications (Bakay and Lee 1965; Klatzo and Seitelberger 1967; Hirano 1969; Reulen and Schurmann 1972) , quantitative criteria for "swollen" brain are not fully established except in the early studies of Reichardt (1905a, b) . His method consists in the determination of the differential ratio between brain volume and cranial capacity and gives indeed a reasonable index of brain swelling, but the measurement of cranial capacity at autopsy requires a great deal of skill.
The present study is an attempt at providing a basis for estimating brain swelling or atrophy without recourse to the actual cranial capacity. In this paper, the term brain "swelling" is not used in the sense of Reichardt; it means simply a local or diffuse increase in the bulk of brain, regardless of the underlying histopathological findings. 
MATERIALS AND METHODS
From the autopsy cases examined by the author at the Research Institute of Brain and Blood Vessels, Akita, and Nakadori Hospital in the period between 1969 to 1972, 41 control cases (non-cerebral diseases) and 74 cases of cerebrovascular strokes were submitted to the morphometric analysis.
(Under the term stroke are here included cerebral hemorrhage, subarachnoid hemorrhage and cerebral infarction.)
The brains were weighed at autopsy and fixed in 20% formalin for about 3 weeks under care to avoid distortion.
Then, a section was made through the upper pons perpendicular to the axis of the brain stem as illustrated in Fig. 1 . The section was fixed at a level 3 mm caudal to the superior pontine sulcus. Morphometric studies were performed on paraffin-embedded sections with pertinent stains. (Masson's trichrome stain or Azan stain was found most favorable for the purpose.)
The section was projected onto tracing paper using a Nikon V-16 universal projector at a constant linear magnification of 1:10, and the contour of pontine cross section was depicted.
As shown in Fig. 1 , the pontine cross-sectional area including a small ventricular lumen (A), the net area of the pons excluding the ventricular lumen (Ap) and the perimeter (L) were measured with a plani meter and a curvimeter.
The longitudinal length of the basis pontis was also measured on formalin-fixed brains in a series of 26 control cases and 53 stroke cases. In addition, the water content of the occipital white matter was determined in 41 cases, and the relation between the water content and the pontine cross-sectional area was examined. Horizontal lines in each age group show the "normal" limits calculated from the data in Table 1 . Note the relative constancy of the area factor of subjects under 60 years of age.
According to the above-mentioned standards, 27 (66%) out of a total of 41 stroke cases of survival less than 3 weeks were found to have brain swelling. The maximum values for Ap and f were 6.67cm2 and 0.0754 in this group of stroke cases. Among the cases of normal Ap, there was one case in which f exceeded the upper limit of the normal range; the brain proved to be edematous despite an apparently normal value for Ap. For the sake of comparison, measurements were made in the same manner in 9 cases of primary pontine hemorrhage: the increase in volume of the pons in these cases was mainly due to local tumefaction caused by hemorrhage, which did not indicate generalized brain swelling. In all the cases of pontine hemorrhage, the values of Ap were over the normal range, exceeding generally those of the edematous brain (Fig. 5, left) .
In 24 cases of strokes of over 3 weeks' survival, however, only 4 (17%) brains were found "swollen", and in 4 other cases of longer survival the brains were estimated as "atrophic" (Fig. 5, right) . Some examples of pontine cross sections from our autopsy series are shown in Fig. 6 . Those in which Ap or f was over the range of normal variability without any evidence of cellular increase (hemorrhage, tumor or inflammation) were considered to indicate brain swelling.
With regard to the water content, the samples from the occipital white matter of 34 cases of strokes and 7 cases of other diseases were analyzed. Each sample was excised and weighed at 4°C and then dried to constant weight in an oven at 60°C for about 72 hr. The decrement in weight was attributed to lost water, and the water content was expressed as percent of wet weight. Classified according to the main disease, the results obtained are presented in Table 2 and Fig. 7 in correlation with Ap.
Excluding pontine hemorrhage, a relatively close correlation was found between Ap and the water content in each group of the diseases. However, the correlation coefficient was lower in the stroke group than in the group of other diseases. The regression coefficient for the non-stroke group was also significantly higher than that of the group of cerebral hemorrhage.
Because the volume of the pons depends not only on the cross-sectional area but also on the longitudinal length, measurements of the length of the basis pontis (lp) were made as shown in Fig. 8 . Fig. 8 shows that lp in a group of 26 cases of non-cerebral diseases ranged from 28.0mm to 31.5mm with a median of 29.5mm, and the corresponding values for 53 cases of strokes excluding pontine and cerebellar hemorrhage were not much different from those of the control cases, ranging from 26.0mm to 32.5mm with the same median of 29.5mm. This indicates that the longitudinal pontine lengths were essentially the same in all cases unless some pathological mass was present in the pons or cerebellum. A few exceptional cases with such a short pontine length as 26.0mm were those in which diffuse pontine atrophy due to a long survival after apoplexy or severe vertical compression by an acute swelling of the cerebrum was observed.
The relation between brain weight (W) and pontine cross-sectional area (Ap) is illustrated in Fig. 9 . There is a significant correlation (r=0 .46) between these values in the control group of 41 cases ( Fig. 9-a) . In the group of 64 stroke cases excluding pontine hemorrhage (Fig. 9-b 
DISCUSSION
A prerequisite for the diagnosis of brain edema from a morphological viewpoint is exact determination of an increase in the brain volume, local or generalized. Theoretically, the most reliable method for this purpose may be that of Reichardt (1905a, b) , already developed early in this century, in which the severity of edema is expressed in terms of the relative volume of the brain to the crainal cavity. However, Reichardt's method is not feasible for practical use, because it is difficult to measure cranial capacity with routine autopsy techniques. Table 1 . The average value for Ap and f was found to be 4 .15cm2 and 0.0722, respectively. When this point is taken as the origin of a rectangular co-ordinate system, the first quadrant corresponds to a region of swelling and the third to a region of atrophy.
The points falling outside the broken lines may be regarded as representing "severe" swelling or atrophy .
The method presented here is based on the finding that the geometric character istics of a figure can be described by the product of a shape factor and a size factor . This concept has been used in some fields of science, for example in metallography (DeHoff 1968) as a method to express the average particle shape of an aggregate, and it is also applicable to the morphology of an organ . When so described, the shape factor of a figure is constant irrespective of size as far as the figure remains geometrically similar; if the shape factor changes, it indicates, of course, a change in shape. Under this condition, it is possible to infer a "change in size" (here , swelling or shrinkage) from the shape factor , without any reference to the size factor, on the assumption that the initial figures are similar in shape , though diff erent in size, and that an increase in the size of a given figure is always accompanied by an increase in the shape factor , as in the case of half-inflated bags. The cross section of the upper pons, which normally shows a partly concave figure , was regarded as belonging to the above instances and the ratio A/L2 was taken as a shape-sensitive parameter of circularity of the pontine cross section reflecting an increase in brain volume.
However, in applying the above method to the pons , it is a requisite that the range of normal variability of the shape factor is narrow as compared with that of Ap. Indeed, the relative constancy off in Fig. 2 seems sufficient to meet this requirement, but its variation in advanced ages appears to be too large to warrant an effective evaulation of the volume change from the single factor f. In this respect, f is of a limited utility; f must be used in combination with Ap to increase the efficiency of the estimation. Thus, a diagram for the assessment valid for adults of all ages was prepared as shown in Fig. 4 . Using this diagram, brain swelling or atrophy can be concluded with sufficient accuracy front morphometric results; values falling outside the area of normal variability suggest strongly the presence of pathological processes, though the reverse is not always true.
Concerning the water content of the edematous brain, Adachi and Feigin (1966) and Ogata et al. (1971) reported that an increment of fluid was demonstrable in the white matter from fixed as well as from fresh organs. Following their method, 41 cases from the present autopsy series were analyzed for water content of the occipital white matter. As can be seen in Fig. 7 , the percentage water content thus measured tended to increase on the whole with increasing Ap. These results indicate that an increase in the volume of the pons in this series was more or less associated with an increase in the water content of the white matter (i.e. brain "edema") irrespective of the underlying diseases . The best correlation between Ap and water content was observed in the group of diseases other than stroke. The shaded zone of Ap-axis is the range of normal variability.
The correlation coefficients and the regression equations are listed in Table 2 . pons as compared with the other parts of the brain becomes greater with increasing brain volume. Which of these conditions will occur actually is not always determin able in individual cases; but the measurements of Ap and W in a number of cases will give reliable information on this relation. Comparing the regression lines calculated from the cases given in Fig. 9 with those predicted from models under several conditions as illustrated in Fig. 10 , it seems clear that the assumption (3) might be the most acceptable one. This relationship implies the following two conditions: (1) a gradual increase in the weight ratio of the pons to the whole brain with increasing brain swelling, if lp is a constant; or (2) a gradual reduction of lp with increasing swelling, if the degree of swelling is uniform over the whole brain. At present, both possibilities seem to be sustained. A conclusive remark is still open on account of the relatively limited number of cases in the present study. In either case, the shape change of the brain stem due to brain swelling cannot be considered geometrically similar. These features have to be taken into account, whenever hemodynamical change of the brain stem is discussed in connection with brain swelling.
In the case of brain atrophy, the relations among Ap, f, lp, and W are of some help in characterizing the nature of atrophy; the problem is to be discussed in detail in a forthcoming report.
